Intestinal microsporidiosis due to Enterocytozoon bieneusi is a leading cause of chronic diarrhea in severely immunocompromised human immunodeficiency virus (HIV)-positive patients. It may be a public health problem in Africa due to the magnitude of the HIV pandemic and to poor sanitary conditions. We designed two prevalence studies of E. bieneusi in Central Africa, the first with HIV-positive patients from an urban setting in Gabon and the second with a nonselected rural population in Cameroon. Stool samples were analyzed by an immunofluorescence antibody test and PCR. Twenty-five out of 822 HIV-positive patients from Gabon and 22 out of 758 villagers from Cameroon were found to be positive for E. bieneusi. The prevalence rates of the two studies were surprisingly similar (3.0% and 2.9%). Genotypic analysis of the internal transcribed spacer region of the rRNA gene showed a high degree of diversity in samples from both countries. In Gabon, 15 isolates showed seven different genotypes: the previously reported genotypes A, D, and K along with four new genotypes, referred to as CAF1, CAF2, CAF3, and CAF4. In Cameroon, five genotypes were found in 20 isolates: the known genotypes A, B, D, and K and the new genotype CAF4. Genotypes A and CAF4 predominated in Cameroon, whereas K, CAF4, and CAF1 were more frequent in Gabon, suggesting that different genotypes present differing risks of infection associated with immune status and living conditions. Phylogenetic analysis of the new genotype CAF4, identified in both HIV-negative and HIV-positive subjects, indicates that it represents a highly divergent strain.
Intestinal microsporidiosis due to Enterocytozoon bieneusi is a leading cause of chronic diarrhea in severely immunocompromised human immunodeficiency virus (HIV)-positive patients. It may be a public health problem in Africa due to the magnitude of the HIV pandemic and to poor sanitary conditions. We designed two prevalence studies of E. bieneusi in Central Africa, the first with HIV-positive patients from an urban setting in Gabon and the second with a nonselected rural population in Cameroon. Stool samples were analyzed by an immunofluorescence antibody test and PCR. Twenty-five out of 822 HIV-positive patients from Gabon and 22 out of 758 villagers from Cameroon were found to be positive for E. bieneusi. The prevalence rates of the two studies were surprisingly similar (3.0% and 2.9%). Genotypic analysis of the internal transcribed spacer region of the rRNA gene showed a high degree of diversity in samples from both countries. In Gabon, 15 isolates showed seven different genotypes: the previously reported genotypes A, D, and K along with four new genotypes, referred to as CAF1, CAF2, CAF3, and CAF4. In Cameroon, five genotypes were found in 20 isolates: the known genotypes A, B, D, and K and the new genotype CAF4. Genotypes A and CAF4 predominated in Cameroon, whereas K, CAF4, and CAF1 were more frequent in Gabon, suggesting that different genotypes present differing risks of infection associated with immune status and living conditions. Phylogenetic analysis of the new genotype CAF4, identified in both HIV-negative and HIV-positive subjects, indicates that it represents a highly divergent strain.
As many as 90% of AIDS patients experience diarrhea in Africa, where "slim disease" (prolonged diarrhea and wasting) is a pathognomonic trait of AIDS (30) . While early investigation revealed that coccidian parasites were a leading cause of chronic diarrhea, the development of improved microscopic, immunological, and molecular diagnostic methods has highlighted the importance of microsporidian infections (11) . Two species of microsporidia can cause gastrointestinal disease: Enterocytozoon bieneusi (10) and Encephalitozoon intestinalis (7, 18) , although E. bieneusi is the more frequently reported species. Data on the prevalence of E. bieneusi in human immunodeficiency (HIV)-positive patients in Africa is scarce, and values differ greatly, from 5% to 50%, depending on the population studied (whether or not it is selected for diarrhea) and the diagnostic methods (2, 5, 17, 21, 27, 38, 43) . Besides, E. bieneusi also can infect immunocompetent patients, especially children, although the disease is less serious and the infection is self-limited in the absence of immune abnormalities (42) . Since mature spores are shed in the host's feces, the transmission routes of this pathogen may involve person-to-person as well as waterborne or food-borne contaminations, especially in developing countries with poor sanitation (3) . E. bieneusi also has been isolated from a large number of domestic and wild mammals, as well as birds (29) . The potential of zoonotic transmission is supported by phylogenetic studies showing that several genotypes can infect humans as well as animals (9, 12, 26, 37, (39) (40) (41) .
To address the importance of E. bieneusi infections in Africa, we conducted two studies of prevalence in different populations, the first with HIV-infected patients from an urban setting in Gabon and the second with a rural population in Cameroon. The presence of E. bieneusi spores in stool samples was detected by an immunofluorescent antibody test (IFAT) and PCR. Genotypic analysis of E. bieneusi isolates was performed by sequencing the internal transcribed spacer (ITS) portion of the rRNA gene. On the basis of these results, a phylogenetic interpretation regarding the sources and modes of transmission of the different groups of E. bieneusi genotypes is proposed.
MATERIALS AND METHODS
Origin of E. bieneusi samples. (i) Gabon. A cross-sectional study was conducted between September 2002 and December 2003 in Gabon to determine the prevalence of intestinal microsporidiosis in adult HIV-positive patients. This study, approved by the Ministry of Health in Gabon and the Ethics Committee of the Comité Consultatif pour la Protection des Personnes en Recherche Biomédicale in St-Germain-en-Laye (France), was conducted in three HIV reference centers in Libreville. Upon informed consent, patients aged 16 or older and with an HIV-positive test were included in the study. The CD4 ϩ lymphocyte count was performed with a fluorescence-activated cell sorter (FACScount; Becton Dickinson Biosciences, Erembodegem, Belgium). The detection and identification of E. bieneusi spores in stool samples were performed using an IFAT with the monoclonal antibody 6E5-2D9, which is specific for the spore wall (1, 2). Positive or undetermined samples were confirmed by a species-specific PCR test as previously described (2) . HIV serologic status, CD4 ϩ cell count, and microsporidium identification were done in Libreville. One aliquot of each positive stool sample and 30% of the negative samples were diluted in 10% formalin and shipped to France as an external blinded control.
(ii) Cameroon. In March 2003, the population of the Bongo village in the central region of Cameroon, 120 km north of Yaoundé, was asked to participate in a study on microsporidiosis, regardless of sex, age, or HIV status. The village, with a population of around 2,200 inhabitants, spreads 12 km along a main road, among mixed savannah and rain forest. The climate is tropical, with two rainy seasons running from March to May and August to November. The water supply is restricted to a single well, and sanitation facilities essentially consist of private latrines outside dwellings. After giving informed consent, 758 villagers gave stool and blood samples. Stool samples in 10% formalin and serum samples were shipped to France for analysis. Serologic HIV status was determined using the Core Diagnostics HIV 1&2 test (Birmingham, United Kingdom). In the case of a positive result, enzyme-linked immunosorbent assay, Immunocomb HIV1/ HIV2 (PBS-Orgenics, Courbevoie, France), and Western blot HIV-1 analysis (Newlavblot 1 Bio-Rad, Marnes-la-Coquette, France), performed on the same serum sample, were used for confirmation. Stool samples were screened for microsporidium spores as described above.
DNA extraction and PCR amplification. For DNA extraction, samples in phosphate-buffered saline or formalin were washed three times in CTAB buffer (10% [wt/vol] cetyltrimethylammonium bromide, 0.7 M NaCl) and centrifuged. The pellet was resuspended in 200 l of CTAB buffer and then digested for 1 h at 56°C with proteinase K, followed by a phenol-chloroform extraction. DNA was further purified from the aqueous phase using the QIAmp DNA kit (QIAGEN, Courtaboeuf, France) according to the manufacturer's instructions.
Samples positive for microsporidia were confirmed by PCR using the following primers common to the rRNA gene of E. bieneusi and Encephalitozoon intestinalis: INBI (5Ј-CAC CAG GTT GAT TCT GCC TGA C-3Ј) and PMP2 (5Ј-CCT CTC CGG AAC CAA ACC CTG-3Ј) (44) . The presence of E. bieneusi was confirmed by a species-specific amplification reaction using the primer pair INBI and BIENE (5Ј-ACT CAG GTG TTA TAC TCA CGT C-3Ј) (45) . PCR conditions were applied as described previously (2) using a PTC-100 thermocycler (MJ Research, Waltham, MA) in Paris and a GeneAmp PCR system 2700 (Applied Biosystems, Courtaboeuf, France) in Libreville. PCR products were separated by electrophoresis in a 2% agarose gel and visualized after ethidium bromide staining. In cases of different results between IFAT and PCR, the ambiguity was resolved by a second IFAT examination, and a modified Weber trichrome staining (20) was performed in a different laboratory (the laboratory of I. Accoceberry, CHU de Saint André, Bordeaux, France).
Nucleotide sequencing of the ITS region of the E. bieneusi rRNA gene. E. bieneusi genotypes were analyzed by nucleotide sequencing of the ITS region of the rRNA gene. A PCR product of 508 bp, containing 122 bp of the smallsubunit rRNA, 243 bp of the ITS region, and 143 bp of the large-subunit rRNA, was generated from 15 samples from Gabon and 20 samples from Cameroon, using the primers MSP-3 [5Ј-GGA ATT CAC ACC GCC CGT C(A/G)(C/T) TAT-3] and MSP4B (5Ј-CCA AGC TTA TGC TTA AGT CCA GGG AG-3Ј) as described previously (19) . PCR products were purified using the Concert Rapid PCR kit (GIBCO-BRL) and sequenced in both directions using the ABI Big Dye Terminator kit (v1.1) and an ABI 3100 automated sequencer (Applied Biosystems). The sequence accuracy was controlled by sequencing two PCR products from the same sample.
Phylogenetic analysis. The ITS sequences obtained were compared to those from previously published records in GenBank by using BLAST analysis. Multiple alignment of our new ITS nucleotide sequences and 62 sequences retrieved from GenBank (available by June 2006) was performed using the Multalin program (http://prodes.toulouse.inra.fr/multalin/multalin.html) (8) . Only complete ITS sequences were included (241 to 243 bp, depending on the genotype). In cases of identical sequences with different type names, we retained the type name of the first published sequence in order to simplify our genotypic classification (type names of the remaining identical sequences are specified in parentheses in Table 2 ). On the basis of this multiple alignment, maximum-likelihood phylogenetic analysis of the E. bieneusi genotypes was carried out with the Phyml program with nonparametric bootstrapping, using the evolutionary model of Jukes and Kantor (http://bioweb.pasteur.fr/seqanal/interfaces/phyml.html) (16) .
Nucleotide sequence accession numbers. Nucleotide sequences of the ITS region of the rRNA gene of one isolate for each genotype from Gabon and Cameroon were deposited in the GenBank database. The accession numbers for the Gabon isolates are DQ683746 to DQ683752 for the genotypes CAF1, CAF2, CAF3, CAF4, A, D, and K, respectively, and the accession numbers for the Cameroon isolates are DQ683753 to DQ683757 for the genotypes A, B, D, K, and CAF4, respectively.
RESULTS
The Libreville study (Gabon). A total of 822 patients were included in the study; the mean age was 39.1 years (range, 16 to 75 years), and the sex ratio was 0.63 (male/female). Of these patients, 99% were infected with HIV-1, while only 0.5% were HIV-2 positive, and 0.5% were coinfected with HIV-1 and HIV-2. The mean lymphocyte CD4 ϩ cell count was 218/l (range, 1 to 1,164; median, 180). About one-third of the patients (30%) suffered from diarrhea, and 24.2% were under antiretroviral therapy. Initial treatment regimens included a combination of one protease inhibitor (usually Indinavir) or a nonnucleoside reverse transcriptase inhibitor (Efavirenz) and two nucleoside reverse transcriptase inhibitors (NRTIs) (d4T, 3TC, AZT, or ddI). The majority (85%) lived in the urban area of Libreville and originated from Gabon (86.5%), whereas the remaining patients were migrant workers from West Africa. By IFAT, 25 out of the 822 stool samples were positive for E. bieneusi (prevalence, 3%). Of the positive stools, all except three were confirmed to be positive by the species-specific PCR. Negative PCR samples contained very few spores in microscopic examination and remained negative despite repeated internal and external PCR controls. All 25 E. bieneusipositive patients were HIV-1 positive, and one was coinfected with HIV-2. The mean age was 35.4 years (range, 21 to 57 years), and the sex ratio was 0.47 (male/female). Only four patients (16%; class B2) were not at the AIDS stage of the infection. The average CD4 ϩ cell count of 23 patients was 98.5/l (range, 1 to 384/l; values were not available for two patients). A cell count below 100/l (mean, 29.3/l) was scored for 15 (65%) out of 23 patients. All except three patients from the class B2 HIV group suffered from digestive symptoms. These symptoms corresponded to diarrhea (14 cases), weight loss (15 cases), anorexia (6 cases), abdominal pain (5 cases), and nausea (5 cases). Six patients were undergoing antiretroviral therapy (three patients were receiving a combination of a nonnucleoside reverse transcriptase inhibitor and two NRTIs, and three patients were receiving a combination of a protease inhibitor and two NRTIs) at least 3 months before the diagnosis of intestinal microsporidiosis. Twenty of these patients (80%) resided in Libreville, while the other five came from distant provinces of the country.
The Bongo study (Cameroon). The mean age of the Bongo study population was 28.2 years (758 individuals; range, Ͻ1 to 80 years), and the sex ratio was 0.81 (male/female). The combination of IFAT and PCR detection of microsporidia showed 22 inhabitants positive for E. bieneusi (prevalence, 2.9%). The Core Diagnostics HIV 1&2 screening showed that only four subjects were HIV-1 positive. Sera of the latter patients were confirmed to be HIV-1 positive by enzyme-linked immunosorbent assay and Western blot analysis, resulting in a prevalence rate of 0.5% in the Bongo population. None of the microsporidium-positive individuals were found to be positive for HIV. Data on the clinical status (diarrhea) of these individuals were not available.
Analysis of genotypes. Thirty-five (15 from Gabon and 20 from Cameroon) E. bieneusi isolates yielded sufficient PCR product for the sequencing of the ITS region of the rRNA gene. Both series showed a high degree of diversity of genotypes, as shown in Table 1 .
In Gabon, seven different genotypes were identified: the previously reported genotypes A, D, and K as well as four new genotypes. The four new genotypes are referred to as CAF1, CAF2, CAF3, and CAF4 (CAF being short for Central Africa). The genotypes K, CAF4, and CAF1 seemed to be more common among the isolates from Gabon, with four, four, and three isolates each, respectively, whereas genotypes A, D, CAF2, and CAF3 were found only once each.
In Cameroon, five genotypes were identified: the known genotypes A, B, D, and K and the new genotype CAF4. However, genotype A was the most common, with eight isolates, followed by CAF4, which was detected in five cases. Types B and D were scored three times each, and genotype K was found only once.
Out of the four new genotypes, three consisted of sequences displaying very high identity to sequences of the known genotypes K and D. Types CAF1 and CAF2 differed from K by only one position (CAF1, position 113 [C3T]; CAF2, position 193 [G3A]), and type CAF3 differed from D at positions 160 and 224 (G3C at both positions) (Fig. 1) . The last genotype, CAF4, is 1 bp shorter (242 bp) than all of the others. It was also very divergent from previously reported sequences; the best homology, i.e., 76% identity, was found with the set of genotypes WL1 to WL3, isolated from raccoons in the United States (40) . Indeed, the identities of the new sequences to all other previously published sequences were between 61 and 64% and as low as 46% with genotype EntCanA.
The ITS flanking regions (122 bp of the small-subunit rRNA and 143 bp of the large-subunit rRNA) of the nine CAF4 isolates from both studies showed 100% identity to the corresponding regions of the E. bieneusi rRNA sequences from other genotypes.
Phylogenetic analysis. An unrooted phylogram and a phylogenetic unrooted tree inferred by the maximum-likelihood analysis of the ITS region were constructed using the Phyml software ( Fig. 2 and 3 ). As seen in previous studies (12, 40) , four main groups, numbered 1 to 4, are segregated from the most divergent sequence, EntCanA, which was isolated from dogs (28) . Group 1 contains most of the sequences previously published as well as the new sequences CAF1, CAF2, and CAF3 (53 out of 66 sequence) (Fig. 2) . These sequences have been isolated from a wide diversity of hosts worldwide, including humans and animals ( Table 2 ). The other three groups contain sequences isolated from one host species. Group 2 contains five sequences from cattle (N to I) (9, 31, 34, 36, 41) . Group 3 is made up of three sequences from muskrat (WL4 to WL6), and group 4 is made up of three divergent sequences from raccoon (WL1 to WL3) (40) . Our new human sequence CAF4 is placed, along with EntCanA, between group 3 and group 4, far away from group 1, which contains all the genotypes isolated from humans so far.
Maximum-likelihood analysis shows that group 1 is further subdivided into at least seven clades (Fig. 2) . To provide a more comprehensive classification of group 1 E. bieneusi genotypes, the simplified nomenclature of Drosten et al. (12) was used, i.e., subgroups 1a to 1f, and subgroup 1g was added. The identities within this group are high: 79.4% of the nucleotides (193/243) are conserved among the 53 sequences.
There are apparent differences in the range of host specificity within the group 1 clades, which are divided into two main branches and one isolated sequence (CAF1). The right branch contains subgroups with more restricted host specificity than those of the left branch. Subgroup 1f is human specific (mainly genotype C cases), subgroup 1d is found in wild mammals (apart from genotype E, which has a wide host range), and subgroup 1e is found mainly in farm animals (11 out of 13 sequences were isolated from swine), although some genotypes of this group (O, U, and W) recently have been reported in Thailand from HIV-positive patients (23) . The left branch supporting subgroups 1a, 1b, and 1c shows the greatest host diversity, including commensal birds, commensal and wild Genotypes from humans (including those also found in animal hosts) predominate, with 21 out of 32 sequences in subgroups 1a, 1b, and 1c. These sequences from the left-branch subgroups represent 72% of a total of 29 genotypes reported to be found in humans so far.
The new genotype CAF1 is found at the base of the two main branches. It was identified in three isolates from Gabon collected over a period of 12 months and is proposed to constitute the new subgroup 1g. CAF1's position on the tree is intermediate between the subgroups 1c and 1e, containing types K and E, respectively. It differs by one point mutation each from K (position 113) and E (position 141) (Fig. 1 ).
DISCUSSION
Results of both studies showed (i) that prevalence rates of E. bieneusi were similar between immunocompetent people in the Bongo village and HIV-positive patients from Libreville; (ii) that despite the limited number of isolates analyzed, a substantial amount of genotypic diversity was observed in both rural and urban contexts; and (iii) that new genotypes that differed from known types by one or more nucleotides were identified, in particular, type CAF4, which is the most divergent genotype reported from humans to date.
Prevalence of E. bieneusi in Africa. In previous studies conducted in Africa, the prevalence of E. bieneusi in HIV-infected Table 2 ). adults with diarrhea was around 10% (2, 5, 13, 14, 21, 43) , but values as high as 32% and 51% have been reported (17, 27) . Compared to these rates, the prevalence rates of E. bieneusi infections we report for Cameroon and Gabon (2.9% and 3.0%) seem to be low and, considering the difference of HIV status in the populations studied, are surprisingly similar. However, the prevalence rate we observed in the Gabonese HIVinfected population is comparable to those reported for the urban areas of Yaoundé, Cameroon (5.2%) (38) , and Lima, Peru (3.9%) (39) . These studies were also conducted with HIV-infected adults not selected for diarrhea. On the contrary, the E. bieneusi prevalence rate of 2.9% we observed in Cameroon may be surprising, since it could be expected to be lower in a population with low HIV prevalence. This is the first report of E. bieneusi prevalence in an African population not selected for age, diarrhea status, or HIV status, since only two previous studies addressed this issue on the continent. Bretagne et al. reported a prevalence for E. bieneusi of 0.8% in children in Niger, for whom HIV status could not be assessed (5), whereas Tumwine et al. found a high prevalence in Ugandan children with or without diarrhea (17.4% or 16.%, respectively); the rate of positive HIV status was estimated to be 18 to 20% (42) . Therefore, intestinal infection of immunocompetent subjects with E. bieneusi might be common in Africa, especially among children.
Genotypic diversity and host specificity. Although a high degree of diversity of genotypes was found in both populations studied, differences in their relative distribution may be relevant for the epidemiology of E. bieneusi.
Our studies revealed for the first time the presence of genotypes A and B in Africa. These subgroup 1c anthroponotic genotypes previously have been reported from HIV-positive and HIV-negative populations in Europe (4, 24, 25, 32, 35) , Peru (39), and Thailand (22) . Moreover, we found quantitative differences between these types A and B and the previously described types A and B, depending on the study cohort, as types A and B were identified in 40% and 15%, respectively, of the isolates from Cameroon, whereas only one type A isolate was retrieved in the Gabonese study. These genotypes appear unequally present in other parts of the world: type B is the dominant strain in France (24), Germany (32), Switzerland (4), and the United Kingdom (35) , making up 50 to 85% of the isolates, whereas type A was the most frequent strain in Peru (35% of isolates) and type B was absent (39) . Type A also has been reported from Thailand, but not type B (22) .
Genotype K is another member of subgroup 1c that we Fig. 2 . Abbreviations: CanA, EntCanA; Pig7, EBITSPig7. For accession numbers, see Table 2 . Hosts were classified as HIV-positive or HIV-negative humans, commensal mammals (cat, dog, cattle, swine, and zoo animals), commensal birds (chicken, urban park pigeon, pet, and zoo birds), and wild mammals (beaver, otter, muskrat, fox, and raccoon).
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by on August 12, 2007 jcm.asm.org (24), is not strictly anthroponotic, since it also has been identified from cattle in the United States and Portugal (41) and from cats in Germany (9) and Colombia (37) . Interestingly, we identified type D, a subgroup 1a genotype that has not been found in immunocompetent humans yet, in one HIV-positive patient in Gabon and in three HIV-negative individuals in Cameroon. Type D has a large host and geographic range. It is now commonly reported for HIV-positive humans (22 of 33 isolates in Thailand [23] and 9 of 89 patients in Peru [39] ), and it was previously reported for two isolated cases in Europe (33, 35) . It has been found in a wide variety of domestic and wild mammals (6, 12, 15, 36, 37, 40) and represented 15% of isolates from four species of wildlife animals in North America (40) and 26% of isolates found in cats in Colombia (37) , supporting a zoonotic route of transmission for this strain.
Like type K, type E, which was not found in our studies, has been reported from HIV-positive humans: one patient in Peru (39) and 5 of 33 cases in Thailand (23) . Previously reported as genotype EbpC from swine from Switzerland (4), type E was the most common strain from wild mammals in the United States (22% of isolates from five species [40] ).
Our new sequences CAF1, CAF2, and CAF3 are close relatives of types E, K, and D, respectively. These families of genotypes dominate the isolates found in the HIV-positive patients from Gabon, with 10 out of 15 isolates, whereas in the Cameroon study types K and D represented only 4 out of 20 isolates.
Finally, the new genotype CAF4, the most highly divergent genotype reported from humans to date, is equally represented in HIV-positive patients in Gabon and HIV-negative individuals in Cameroon. Its high frequency (Ϸ25%) in both countries may indicate that this genotype is common in Central Africa. The relative proximity of the CAF4 genotype to genotypes found in wild aquatic mammals could indicate that similar hosts exist in Central Africa.
Epidemiological implications. The analysis of E. bieneusi genotypes highlights different risks of infection in the two human populations studied, possibly due to differences in sources of contamination and routes of transmission. In the rural community of Cameroon, anthroponotic genotypes A and B predominate and may indicate person-to-person transmission, possibly involving contact with contaminated water stored for household use. This is supported by the observation that carriers from the same household have parasites with the same genotype (genotype A for cases 113B, 113H, 117A/117B, and 142G/142H, genotype B for cases 194A/194C, and genotype CAF4 for cases 179D/179E) ( Table 1 ). In the study of HIVpositive individuals from Gabon, the wider diversity of genotypes and the higher proportion of mixed-host genotypes D and K (and the close relatives CAF1 to CAF3) suggest that immunocompromised patients acquire infection from additional reservoirs (probably of zoonotic origin). Overall, the epidemiology of E. bieneusi is still unclear, probably due to the fact that at present different species or subspecies of this parasite are not differentiated by classical microscopy and immunological methods, stressing the need for further molecular studies.
